A new system for the confinement and recovery of oil slicks or other floating materials is tested in a physical model to evaluate its feasibility and effectiveness. It consists of encircling a polluted area by a specially designed boom using light-weight material, in such a way as to trap entirely the oil slick inside a circular reservoir, making its dispersion less widespread. The system allows the oil slick to be slowly towed to safer zones, where it can be pumped and recycled after separating the reservoir into several compartments in order to increase the efficiency of pumping and treatment. The experimental investigation was carried out in a small-scale model and demonstrated the effectiveness of the system in practical situations. In terms of oil loss, the limits for the critical waves and towing velocities were determined. Carefully selected polymer granulate layers were used to reproduce the characteristics of oil slicks.
Introduction
Oil spills in oceans and seas due to tanker accidents still causes damage to aquatic fauna and flora in spite of existing techniques used to contain and prevent the dispersion of oil. Therefore, improvement of systems designed for fighting oil spills still remains a need.
In fact, once the spill occurs, the slick is significantly influenced by meteorological and sea conditions making its integral containment a very difficult challenge ͑Fang and Johnston 2001a,b,c͒. The Aquatic currents, waves, water temperature variation, wind direction and velocity can transform oil by physical and chemical reactions. As a consequence, oil can spread in deep water due to the increase in density, in shallow water when an oil-in-water emulsion occurs due to currents, in air by evaporation and in soil by absorption and adsorption ͑EPA 1999͒. Furthermore, oil spills can harm the nearby existing aquatic fauna and flora. When reaching the shore, the oil can cause serious damage to the shoreline ecosystem.
The aim of the present experimental research is to establish the feasibility and the effectiveness of a new oil slick containment system, designed to encircle the spilled oil completely ͑Cavalli 1999͒. The slick will therefore be effectively contained when subject to adverse sea and weather conditions, hence it is protected against waves and currents. The system also provides the possibility to divide the encircled area and increase the thickness of the oil slick trapped inside. By this means, the trapped oil can be pumped more easily separately from water. As a result, the recycling procedures become more efficient.
Contractile Floating Reservoir Concept
The proposed new antipollution concept is designed to contain, compact and clean oil spills in the vicinity of tankers and offshore platforms or any other floating liquids on seas, lakes or large rivers. The contractile floating reservoir can be divided to three parts ͑Fig. 1͒: 1. The floats, filled with air, which provide the buoyancy of the structure; 2. The skirt, made with a flexible and resisting material which is the submerged part of the reservoir designed to prevent oil leaking; and 3. The ballast, attached at the bottom of the skirt to provide its stability. Suitable materials include ropes and straps, coated or laminated high tensile strength woven fabrics, and fiber reinforced elastomer material for the floaters and skirt closure to obtain a high modulus 1 of elasticity and tensile strength ͑Fig. 1͒. For large marine use, high tensile strength fiber and textiles are very suitable because they combine light weight and buoyancy with seawater, durability and fatigue resistance.
In case of an oil spill, the slick is encircled ͓Fig. 2͑a͔͒ by the reservoir, trapping the oil inside ͓Fig. 2͑b͔͒, and preventing its dispersion by currents, waves or other meteorological effects. The reservoir can then be subdivided by contraction in order to increase the depth of the oil layer ͓Fig. 2͑c͔͒. Before or after this operation, it is possible to tow the reservoir near to the shore or to a protected area. The water-free oil layer trapped inside can easily be pumped out and recycled in treatment installations ͓Fig. 2͑d͔͒. If oil tankers or platforms are permanently equipped with the reservoir, it can be placed around the spill source immediately after observing a leak. Thus the dispersion of oil can be prevented, i.e., the formation of the thin-oil-on-water film that is very difficult to control and remove.
The main advantages of this new floating reservoir compared to other conventional systems used normally for oil containment are summarized as follows.
• Very light and high resistant material, Kevlar®, used for the skirt and the floats of the new system makes its deployment very easy and rapid. Conventional caoutchouc booms are very heavy and therefore difficult to install. For this reason, the maximum length of conventional booms is 200 m, allowing only a relatively small diameter of 63 m if used as shown in Fig. 2 . Normally a much larger diameter is needed to encircle the polluted area.
• The configurations used so far to confine oil slicks are not suited for encircling the polluted area entirely since the length of the heavy booms is limited. Therefore, handling of the oil slick is very difficult and risky under poor meteorological conditions. Confined oil can easily spill out of the catchment area due to wind, sea currents or waves. Furthermore according to the configuration chosen, many boats and tugboats are required to deploy and tow the booms, which leads to very expensive clean-up operations.
• None of the existing booms provide the subdivision technique since they are too heavy and rigid. As already mentioned, the subdivision technique is necessary to allow more efficient water-free oil pumping. With regard to the effect of the sea bottom on the reservoir response, it is well known that wave generated orbital currents are much stronger in shallow water. It is therefore not recommended to tow the reservoir into shallow water zones where big incident waves are likely. Thus, for the pumping operation, the reservoir should be towed and stationed near the shore only if the area is well protected against incident waves, and under calm sea conditions. By ensuring such conditions, the seafloor bottom will have minimal effect on the oil containment capacity of the reservoir. Fig. 2 . ͑a͒, ͑b͒ Surrounding, sealing and isolating of oil polluted zone; ͑c͒, ͑d͒ operations that allow separation of the floating reservoir in order to increase the thickness of the oil layer and to more easily pump trapped oil ͑Cavalli 1999͒ Note: The ''1/3'' index is related to the significant wave heights; the ''avg'' index is related to average wave heights; the ''max'' index is related to the largest wave heights.
Hydraulic Model Tests
The contractile floating reservoir was systematically tested using a physical model in order to study its behavior under different wave conditions and towing configurations. Three configurations, simple, double and quadruple, shown in Fig. 2 , were each tested in a wave tank and in a towing tank.
Similarity Rules
In order to simulate the real response of the oil slick trapped inside the reservoir, the material used in the tests must have similar density and viscosity as those of real oil. Due to the risk of water and equipment pollution, the oil was substituted by small plastic granulates of similar density and viscosity when combined with water. The kinematic viscosity v of the mixture of granulates and water can be obtained by the following formula ͑Lencastre 1984͒:
log vϭa log v 1 ϩb log v 2 where a and b are the proportion of the two different materials in the mixture, v 1 and v 2 are, respectively, the kinematic viscosity of water and the equivalent kinematic viscosity of the granulates defined experimentally by using a Saybolt viscosimeter. The dynamic viscosity of the mixture is then calculated by multiplying its specific weight by the kinematic viscosity v. As a result, the dynamic behavior of the mixture will be quite similar to the behavior of real oil. The main characteristics of the selected material are summarized in Table 1 ͑DuPont 2001͒. Satisfying on one hand the general scale ratios defined by Froude similarity and on the other hand the proportionality between all components of the reservoir geometry, the total height of the reservoir is 0.135 m, with a diameter of 2 m and a circumference divided in 32 floats of 0.19 m length. The cylindrical floats were made of polystyrene and the vertical skirt with a Kevlar sheet. Two metallic ballasts weighting 0.011 and 0.014 kg/m were fixed, respectively, at the bottom of the skirt.
The next step was to identify the relevant wave characteristics occurring at sea. Four different measurement stations located in the Mediterranean Sea and the Atlantic Ocean were considered. The main wave characteristics are summarized in Table 2 .
The waves in the Mediterranean Sea are only half as high and three times shorter than those in the Atlantic Ocean. Therefore waves of different steepness were tested in the model and their response had to be analyzed by considering different model scales. A comparison between the real wave characteristics and the ones generated in the laboratory shows that the whole steepness range of real waves in the Mediterranean Sea as well as in the Atlantic Ocean is covered ͑Fig. 3͒.
The experimentally generated waves used for the tests have an average period of about 1.1 s ͑Table 3͒, compared to the 5 s period of the significant waves in the Mediterranean and 9.5 s ones in the Atlantic ͑Table 2͒. As a consequence the model time scale varies between 1:4 and 1:8. According to Froude similarity, the corresponding geometric model scale therefore lies between 1:16 and 1:64.
With this conceptual approach the experimental results can be interpreted in a wide application range. Considering different scales, they can be converted in such a way to cover the range of whole waves in the Mediterranean Sea as well as in the Atlantic Ocean.
Froude's theory is mainly used for free surface flows in which viscosity forces are less important than gravity forces. With Froude similarity the ratio between inertia and gravity forces is conserved.
The structural behavior of the reservoir regarding wave effects and towing loading is essentially influenced by inertia and gravity forces. Therefore, in principle, Froude similarity should be applied. However, this implies that superficial tension is not reproduced according to the scale ratio. Capillary forces applied on the model are practically the same as on the prototype since the viscosity and density of the material used in the tests are not downscaled. The reservoir response is therefore on the safe side. Furthermore, surface tension and capillary forces are very small and negligible compared to forces due to wave and towing action.
The material used to simulate the oil has almost identical density and viscosity compared with real oil. This approach may raise questions concerning the application of Froude similarity only for the geometric parameters excluding its application for the oil parameters. Indeed, in some cases, similarity rules must be used to scale down oil properties. For the present study, the oil is used in a full scaled environment, which is water, and therefore there is no reason to use scaled oil. Moreover, full-scaled interaction between oil and water is needed since it will be the same on the prototype. Tests showed that this interaction plays a major role in the oil loss rate and the displacement of the floating reservoir. In consequence, working with real water in the physical model implies also the use of full scaled oil. By using this approach, the significant oil-water density ratio is the same in the experiment compared to realistic scenarios.
Additional full scale investigations may later on be made in prototype conditions. They can be based on the tests carried out on the down-scaled models. Additional tests will provide an incontestable inspection of the accuracy of the results and help in better understanding the model response in real life conditions.
Experimental Procedures and Test Parameters
All the tests were carried out with a constant oil volume, resulting in a 1.05-cm thick oil layer, which corresponds to about 8% of the height of the floating reservoir. The first test was conducted in a wave tank ͓Fig. 4͑a͔͒ using five different waves ͑Table 3͒. Three reservoir configurations ͑Fig. 2͒ were tested for each wave using a ballast weighting 0.011 kg/m. Tests were then performed in a towing tank. Fixed to a cord, the floating reservoir was towed at different velocities from 0.10 to 0.53 m/s ͓Fig. 4͑b͔͒. The three configurations were tested for two different ballast weights ͑0.011 and 0.014 kg/m͒. The parameters for each test are defined as follows ͑MRA 1999͒. 1. The behavior of the floating reservoir is given by the response of the skirt and the freeboard ͑floats͒ under different incident waves or towing velocities. 2. The oil loss rate is given by the ratio of oil volume lost during each test of equivalent duration divided by the initial oil volume trapped inside the reservoir. The rate of loss is classified into three levels, each depending on the wave characteristics or the towing velocities:
• First loss level: oil droplets start to shed from the reservoir; • Gross loss level: relatively high continuous oil loss is observed under the reservoir; and • Critical loss level: mechanical failure of the floating reservoir itself, leading to planning or/and submerging. At this stage of the project, the contraction mechanism is not investigated in detail. However, during the tests, the contraction operations are conducted very slowly and carefully. No oil loss is observed during these operations. The contraction speed appears, therefore, to be a very important parameter that can limit oil loss during the contraction operations.
Analysis of Test Results
The tests performed in the wave tank and in the towing tank examined the effect of the waves and the towing velocities on the floating reservoir itself and the oil slick trapped inside ͑LCH 2001͒.
Response of the Floating Reservoir
In order to compare the tests performed in the wave and in the towing tank, four levels related to the reservoir displacement were defined as follows after analyzing underwater pictures and video sequences:
• Level 1: skirt displacement at an angle of less than 45°to the vertical axis; • Level 2: skirt displacement at an angle of less than 45°to the vertical axis and vertical freeboard ͑float͒ movement; • Level 3: skirt displacement at an angle of more than 45°to the vertical axis; • Level 4: skirt displacement at an angle of more than 45°to the vertical axis and vertical freeboard ͑float͒ movement.
From the tests performed in the wave tank ͓see Fig. 4͑w͔͒ , it can be seen that the effect of the wave height on the floating reservoir is less significant in the case of large wave length for which the reservoir is able to follow the wave form ͓see Figs. 4͑d-w1͔͒. Displacements of the skirt and the floats are then very small. The effect of wave height on the body of the reservoir becomes more critical when the wave length is short. The floating reservoir is capable then to follow the wave form from the trough to the crest and vice versa. This results in high displacement as well as high stress in the skirt and the joints of the float. The wave period seems to have less influence on the reservoir body than the wave height and wave length. The effect of wave steepness on the reservoir displacement is illustrated in Fig. 5͑a͒ . It can be seen that the quadruple configuration is the most critical for increasing wave steepness. The towing tests ͓see Fig. 4͑t͔͒ show that the towing forces have a significant influence on the overall geometry or the reservoir ͓Fig. 5͑b͔͒. Having a flexible membrane, the reservoir develops a hydrodynamic shape under the influence of the locally acting towing forces in such a way that it provides minimal resistance. Furthermore, the quadruple configuration produces the highest level of displacement when increasing towing velocity.
At level 4, failure of the reservoir body is not instantaneous. The surface area of the floating reservoir starts to shrink due to the increase in the surface of the reservoir body exposed to the frontal wave attack. This leads to higher body loads by the wave forces. When the loading exceeds the mechanical resistance of the skirt and the floats, the whole reservoir collapses and its surface area is almost reduced to zero.
Response of Oil Inside the Reservoir
The initial oil layer ͑i.e., polymer granulate layer͒ used in all the tests was 7-10 times thicker than normally encountered in real oil slick situations. Thus, all the results obtained from the wave and the towing tank are on the conservative side regarding oil slick confinement. In order to compare the test results obtained from the wave tank and the tests performed in the towing tank, four levels of oil loss ratio were defined. They indicate that the quantity of oil shed from the reservoir is as follows • Level 1: oil loss ratio is less than 12%; • Level 2: oil loss ratio is between 12 and 24%; • Level 3: oil loss ratio is between 24 and 34%; and • Level 4: oil loss ratio is between 34 and 46%.
The oil slick trapped in the floating reservoir keeps an almost homogeneous distribution during the tests in the wave tank, so that its thickness can be considered constant. The critical waves for which the first loss occurs, the gross loss and the critical loss are given in Table 4 . The influence of the subdivision of the reservoir on the oil containment capacity can be clearly seen. The same wave type ''E'' that leads to the first loss level for the simple configuration produces the critical loss level for the quadruple configuration, for which the oil thickness is four times higher.
The loss occurs mainly in the vicinity of the middle of the reservoir, as can be seen in Fig. 4͑c͒ . Waves with high steepness are the most detrimental to the reservoir oil containment capacity ͓Fig. 6͑a͔͒. Furthermore, their negative effect on oil containment is especially pronounced when the wave period is small.
The tests in the towing tank revealed that the oil slick in not distributed homogeneously inside the reservoir. By increasing the towing velocity, the rear part of the oil slick gets thicker whereas the front part gets thinner. As a result, the oil loss first occurs at the bottom of the two rear lateral sides of the reservoir. For higher velocities oil is lost over the whole rear part of the reservoir. In the case of double and quadruple configurations, the oil loss starts essentially at the bottom of the two lateral rear sides of the first reservoir. While the slick thickness decreases in the first reservoir, the oil loss increases in the second and successively in the two last reservoirs.
The towing velocity, at which the oil loss occurs, is given for the three reservoir configurations in Table 5 . The loss rate in Fig. 6 . Effect of ͑a͒ wave steepness and ͑b͒ towing velocity on oil loss rate creases with the towing velocity. Furthermore, the losses are higher when passing from the simple to the double to the quadruple reservoir configuration ͓Fig. 6͑b͔͒. During the tests in which loss levels 3 and 4 occurred, it could be observed that the oil loss rate is not constant. Since the surface area of the reservoir diminishes gradually due to the frontal wave attack, the height of the trapped oil slick increases. This leads to a gradual increase in underskirt oil loss.
The towing forces increase proportionally with the towing velocity and reduce the containment surface of the reservoir. When the main reservoir is subdivided the towing forces decrease ͑Fig.
7͒.
The influence of the linear ballast weight was also investigated by using a heavier ballast of 0.014 kg/m. Hence, a higher ballast weight reduces the oil loss rate and increases the critical loss velocity for each configuration ͑Fig. 7͒.
The average oil loss during the towing tests can be considered very acceptable compared to the oil loss in real towing operations using conventional booms. It is to be noted also that the oil layer used in the test is much thicker than that for real oil slicks. An important advantage of the new system is that the submerged skirt can be designed much deeper than the skirt of conventional systems by using light and resistant material, leading to a very low rate of underskirt oil loss.
Conclusion
Preliminary model tests confirmed that the new contractile floating reservoir can be managed more efficiently. It could be shown that the structural deformation and the oil loss rate as mainly influenced by the increase of wave steepness and the towing velocity. Furthermore, the quadruple configuration is influenced most by the external forces applied on the reservoir despite the fact that the towing forces are smaller. The results of the tests performed under downscaled Mediterranean Sea and Atlantic Ocean wave conditions are promising for further development of the new confinement system.
